based on a naphthalenediol-based acyclic bis(Salamo)-type tetraoxime ligand were synthesized. 1 and 2 were influenced by the coordinated methanol and water molecules, respectively, and their X-ray crystal structures revealed that they have similar molecular structures. Two terminal Co(II) ions, located at the 
Introduction
The Salen-type ligand and its analogues continue to play signicant roles in modern coordination chemistry.
1 Their metal complexes have been explored to construct supramolecular structures 2 and coordination polymers. 1e Numerous investigations on these compounds, such as their luminescent properties, 3 biological activities, 4 catalysis activity, 5 magnetic properties, 6 electrochemical eld 7 and molecular recognition 8 etc., also have been examined. Recently, many appropriate classes of Salen-type bisoxime compounds (Salamo and its derivatives) have been reported using o-alkyloxime units (-CH] N-O-(CH 2 ) n -O-N]CH-) rather than the non o-alkyloxime (-CH]N-(CH 2 ) n -N]CH-) units, and the large electronegativity of oxygen atoms is expected to strongly affect the electronic property of the N 2 O 2 coordination sphere, which can lead to novel structures and different properties of the resulted complexes. Thus, Salamo-type ligands and their complexes have also been explored by Nabeshima group and ours, 9 however, the bis(Salamo)-type metal complexes were rarely reported.
10
Over the decades, Salen-type complexes 11 have been widely utilized as catalysts in the industry, and functions in many important chemical reactions such as oxidation, reduction and polymerization.
12 However, studies on the participation of Salamo-type complexes in the catalytic process is yet to be explored. It has been known that the ubiquitous bio-enzyme catechol oxidase catalyzes exclusively the oxidation of catechols to the corresponding o-quinones in the presence of molecular oxygen. The active site of the catechol oxidase consists of a hydroxobridged dicopper(II) centre where each copper(II) centre is coordinated to three histidine nitrogens and adopts a trigonal pyramidal coordination geometry with one nitrogen in the apical site. 13 Up to now, numerous researchers are designing new molecules that can give promising model complexes as effective replacements for catechol oxidase. The design of ligands has to satisfy a number of conditions such as metal-metal distance, steric effects, 14 electronic and bridging ligand features, 15 redox potentials, 16 and pH. 17 Several model complexes have been reported to elucidate the structure-function relationship of this biocatalytic catechol-quinone conversion. Although most functional mimics of catechol oxidase are mono-and dinuclear Cu(II) complexes, other transition metal ions such as Mn(II/III/IV), and Co(III) can also serve as catalytically active complexes. agriculture, pharmaceutical, photographic materials and other elds. However, little research on Co(II) complexes has been done in regards to catecholase activity. Herein, we designed and synthesized a new acyclic naphthalenediol-based bis(Salamo)-type tetraoxime ligand (H 4 L) containing two Salamo moieties, which is likely to form multinuclear metal complexes. Two homotrinuclear Co(II) complexes (solv: MeOH and H 2 O, respectively) were synthesized by the reaction of H 4 L with Co(II) acetate tetrahydrate in different solvents. Due to the unique structure of Salamo-type complexes, a study shown that it is at least 104 times more stable than Salen-type complexes.
19 It suggests that Salamo-type complexes have a unique advantage in catalysis. As far as we know, the present work is the rst to report on the Salamo-type complexes as catechol oxidase model complexes, which provide a new idea for the application of Salamo-type complexes.
Experimental

Materials and instruments
All materials used were of high commercially available grade and were used as purchased. 3,5-Dibromosalicylaldehyde, methyl trioctyl ammonium chloride, pyridiniumchlorochromate and borontribromide were purchased from Alfa Aesar. Hydrobromic acid 33 wt% solution in acetic acid was purchased from J&K Scientic Ltd and 3,5-di-tert-butylcatechol was bought from Tokyo Chemical Industry. The other reagents and solvents were from Tianjin Chemical Reagent Factory.
Elemental (carbon, hydrogen, and nitrogen) analyses were performed on GmbH VariuoEL V3.00 automatic elemental analyzer. Elemental analysis for Co was detected by an IRIS ER/ SWP-1 ICP atomic emission spectrometer. Melting points were measured by the use of a microscopic melting point apparatus made in Beijing Taike Instrument Limited Company. FT-IR spectra (400-4000 cm À1 ) were recorded on a VERTEX70 FT-IR spectrophotometer using KBr as medium. UV-vis absorption spectra were recorded on a Hitachi U-3900H spectrophotometer. 1 H NMR spectra were determined by German Bruker AVANCE DRX-400/600 spectroscopy. Catalytic oxidation of 3,5-DTBC by 1 and 2 under complete aerobic condition 6.72 mg (0.0045 mmol) of 1 and 1.00 g (4.54 mmol, 1000 equiv. of 1) of 3,5-DTBC were dissolved in 20 mL of MeCN. The solution was stirred for 48 h at room temperature and color was changed remarkably from light brown to deep red. The product was puried by column chromatography and recrystallized in diethyl ether to yield 3,5-DTBQ as red block-like crystals. 2 was also tested by the same methods.
Crystal structure determination
Intensity data for 1 and 2 were collected on a Bruker Smart 1000 CCD area detector with Mo-K a radiation (l ¼ 0.71073Å). Reection data were corrected for Lorentz and polarization factors and for absorption using the multi-scan method. The structures were solved by using the program SHELXL-2016 (ref. 21) and Fourier difference techniques, and rened by the full-matrix least-squares method based on F 2 . 22 The hydrogen atoms (O13 and O14) of 1 were located in Fourier-difference maps and all the other hydrogen atoms were inserted in calculated positions with isotropic thermal parameters and rened. Nonhydrogen atoms were rened with anisotropic displacement parameters during the nal cycles. All hydrogen atoms were placed in calculated positions with isotropic displacement parameters set to 1.2 Â U eq of the attached atom. In addition, in complex 2 existence carbon atoms in the aromatic rings have high thermal motion (C25-C30) and disordered bromine atoms (Br3 and Br4), we use the command in the renement process by ISOR restraint. The crystallographic data are summarized in Table 1 . CCDC -1508735 (1) and 1506120 (2). † Catecholase activity measurement UV-vis absorption spectra were measured on a Hitachi U-3900H spectrophotometer at 25 C. Solutions of 1 and 2 (2.5 Â 10 À5 M) and 3,5-DTBC (in the range of 0.188 M to 1.88 M) were prepared in MeCN (99.99%). Different concentrations of 3,5-DTBC were added (2 mL at a time) to 3 mL complex (1 or 2) solution to obtain mixed solution (nal concentration of 3,5-DTBC ranges from 2.5 Â 10
), which is characteristic of the formed quinone, was measured as a function of time. A 2.5 Â 10 À5 M solution of 1 with 100 equiv. of 3,5-DTBC was used and the solution saturated under complete aerobic condition. Under these conditions, catechol was hardly oxidized in the absence of complexes. The kinetic parameters were determined for 2.5 Â 10 À5 M solutions of 1 and 2 and 2.5 Â 10 À3 to 2.5 Â 10 À2 M solutions of the substrate.
Results and discussion
Formations and characterizations of H 4 L and its Co(II) complexes
The reaction of 2,3-dihydroxynaphthalene-1,4-dicarbaldehyde with 2-[O-(1-ethyloxyamide)]oxime-4,6-dibromophenol in ethanol gave the acyclic bis(Salamo)-type tetraoxime ligand (H 4 L), which was collected by suction ltration. When H 4 L combines with two equivalents of Co(II) ions, the acyclic structural form may be change into a C-shaped form to give a central cavity (Scheme 1a). The intermediate complex is expected to have a high affinity toward another metal ion, since the donor atoms are arranged in a cyclic fashion and negatively charged, which tends to form trinuclear metal complexes and have been proven by UV-vis titration experiment.
In the UV-vis titration experiment of 1, the color of a solution of H 4 L in CHCl 3 /MeOH (3 : 2 v/v, at this condition, the single crystals of 1 were obtained) gradually changed from colorless to light brown upon addition of a solution of Co(II) acetate. For H 4 L, the peaks at 342, 361 and 380 nm can be assigned to the intra-ligand p-p* transitions. Upon addition of Co(II) ion, these peaks gradually disappeared with the emergence of new peaks at 369 and 414 nm. The former absorption peak at 369 nm can be attributed to p-p* transitions, 9d while the latter one at near 414 nm in the low energy region may be due to L / M chargetransfer transition, which are characteristic of the transition metal complexes with N 2 O 2 coordination spheres. 23 However, the absorbance of the solution hardly changed aer Co(II) ion was added up to 3 equiv. (Fig. 1) . Spectroscopic titration clearly indicates the reaction stoichiometry ratio of 1 : 3 as shown in the homotrinuclear Co(II) complex, although the ligand H 4 L only has two Salamo chelate moieties.
In order to obtain different Co(II) complexes inuenced by the coordinated solvents, various solvents were used as reaction mediums. 1 and 2 were obtained by the addition of different solutions of Co(II) acetate to a suspended solution of H 4 L at room temperature, and the solutions changed from turbid to transparent. Slow evaporation of the solutions in open atmosphere resulted in the formation of brown polyhedral crystals of 1 and 2 (solv: MeOH and H 2 O, respectively). It is worth noting that the reaction of Co(II) acetate with H 4 L in the presence of methanol in the 3 : 1 molar ratio, respectively, resulted in the coordination of methanol molecules, however, when Co(II) acetate and H 4 L reacted in the presence of i-PrOH/H 2 O (3 : 0.5 v/ v), it was water molecules that coordinated to the central Co(II) rather than isopropanol molecules (Scheme 1b).
The binding modes were determined by comparing FT-IR spectra of the ligand H 4 L with those of its complexes (Fig. 2) This phenomenon indicates that water molecules are involved in the coordination of 2. 25 
Description of crystal structures
The asymmetric unit of the homotrinuclear 1 is shown in Fig. 3 , and their bond lengths and bond angles are listed in Table 2 . The single-crystal X-ray structures revealed the differences between methanol and water solvates are relatively minor, which also very similar to the analogous homotrinuclear Co(II) complex coordinated by ethanol in the central position, designed and reported by Nabeshima group.
10 Two terminal Co(II) ions (Co1 and Co3) are located at the N 2 O 2 coordination spheres of Salamo moieties, while the third one (Co2) is located in the O 2 sites (O4 and O5). Owing to these coordination geometries, four 6-membered rings and one central 5-membered ring are constructed, which are connected through the Co(II) centers and display a polycyclic geometry (Fig. 3a) . The coordination polyhedrons and the spatial relationship of Co(II) centers are shown in Fig. 3b . A comparison between the isostructural complexes 1 and 2 (Fig. 4) shows that the CoN 2 O 2 fragments of 1 are more distorted than (16) those of 2. Terminal salicylidene moieties of 1 and 2 are dangling in the opposite side, and the dihedral angles between the basal planes (naphthalene ring) and the phenyl rings are shown in Table 2 . Compared with 2, the terminal salicylidene moieties of 1 are more deviated from the basal planes, which is likely to be caused by steric hindrance effect of coordinated solvent molecules. The corresponding interactions of 1 and 2 are summarized in Table 3 , where the coordinated solvent molecules play important roles in the construction of supramolecular structures owing to the formation of abundant intra-and intermolecular hydrogen bonds. For 1, hydrogen atoms from two coordinated methanol molecules (-O14H14, -C35H35C, -O13H13 and -C36H36B) form hydrogen bonds with phenoxo (O1 and O8), bromine (Br1 and Br4) atoms and oxygen atoms of acetate ions (O12 and O9). Oxygen atoms (O10 and O11) of acetate ions act as acceptor to form two hydrogen bonds with the protons (-C8H8B and -C23H23B) of ethylenedioxime carbons in each molecule (Fig. 5a ). In addition, complex molecules form a dimer structure by a pair of intermolecular hydrogen bonds (C9-H9B/O13) (Fig. 6a) . Each dimer is connected to two uncoordinated chloroform molecules and each chloroform molecule is connected to two dimers via intermolecular interactions (C38-H38/O3 and C38-Cl5/Cg11).
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Interestingly, a series of circular units are constructed by the above-mentioned intermolecular interactions, forming a 1D supramolecular chain (Fig. 6b) . For 2, one of the two coordinated water hydrogen atoms (-O14H14A and -O14H14B) forms hydrogen bonds with phenoxo and bromine atoms (O1 and Br1), whereas another water hydrogen atom (-O13H13A) just forms one hydrogen bond with phenoxo atom (O8) probably because of the long distances (H13A/Br4, 2.960Å and H13B/ Br4, 3.809Å). In addition, acetate ions (O10 and O11) act as acceptor to form two hydrogen bonds with the protons (-C8H8B and -C23H23B) of ethylenedioxime carbons in each molecule (Fig. 5b) . Furthermore, two adjacent molecules are interlinked by three intermolecular hydrogen bonds (C9-H9B/O14, C22-H22A/O10 and C22-H22B/O13) to form a 1D chain supramolecular structure, and adjacent chains are further connected to each other via the p/p stacking interactions (Cg10/Cg10), resulting in a 2D supramolecular structure (Fig. 7) .
28 Fig. 4 Comparison of the molecular structures of 1 and 2 by overlay map (naphthalene rings as the basal planes). Table 3 Hydrogen bond, C-H/p, C-Cl/p and p/p stacking interactions in 1 and 2 (Å, ) 
Catecholase activity: spectrophotometric study
Though analogous bis(Salamo)-type Co(II) complex has been also synthesized by Nabeshima group, the study on catalytic activity of Salamo-type compounds has not been reported up to now. 10 In order to initiate a new eld for the Salamo-type compounds, we studied the catecholase activities of the two Co(II) complexes and utilized the most commonly used substrate, 3,5-di-tert-butylcatechol (3,5-DTBC) due to its low reduction potential for the quinone-catechol couple, which makes it easy to be oxidized into 3, . 29 Before embarking on detailed kinetic study, we rst investigated the ability of the complexes in acetonitrile solvent to mimic the active site of catechol oxidase by treating 2.5 Â 10 À5 M solutions of the complexes with 2.5 Â 10 À3 M (100 equivalents) of 3,5-DTBC under aerobic condition (Scheme 2).
With 1, for instance, the time-dependent UV-vis spectra scan was recorded in pure acetonitrile solution under aerobic condition at room temperature. The course of the reaction was recorded per 5 min (Fig. 8) . Spectra bands of 1 appears at 375 and 411 nm, whereas 3,5-DTBC showed single band at 278 nm. It is generally known that 3,5-DTBQ shows maximum absorption in UV-vis spectrum at 400 nm in pure acetonitrile solution. Aer the addition of 3,5-DTBC, the time dependent spectra scan showed very smooth growing of quinone band and nally a peak at 400 nm is formed aer 24 h which is very close to the value reported by Krebs et al. 30 and the spectra bands of 1 was hidden by the new absorption, which indicated the formation of the quinine derivative, 3,5-DTBQ. The difference in absorbance (DA) at 400 nm was plotted against time (min) to obtain the initial rate for that particular catalyst to substrate concentration ratio. A rst-order catalytic reaction was observed, with initial To investigated the autooxidation ability of the substrate, control experiments without Co catalysts were also performed. Solution of 3,5-DTBC (2.5 Â 10 À3 M) was prepared in MeCN and the time-dependent UV-vis spectra scan was also recorded per 5 min under the same condition. As shown in Fig. S1 , † there was almost no changes observed in UV-vis spectra up to 60 minutes, which proved that our complexes as catalyst could really improve the oxidation efficiency.
Kinetics study
Kinetic studies of the catecholase activities of the catalysts were determined by treating 2. Table 5 . a treatment based on the Michaelis-Menten model seems to be appropriate. In order to calculate the values of binding constant (K M ), maximum velocity (V max ), and rate constant (i.e., turn over number, K cat ) for the complexes, the Lineweaver-Burk graph of 1/rate against 1/[substrate] is plotted (Fig. 10) Table 5 . The exciting thing is that Salamo-type complexes as the catechol oxidase model complexes in our work exhibit good properties compared with other types of complexes reported. The catecholase model complexes have been reported to relate to several factors such as metal-metal distance, lability of exogenous ligands, coordination conguration and electrochemical properties.
31 A probable explanation for the catecholase catalytic reactivity of two complexes were mainly related to its coordination environment. The ve-coordinated cobalt(II) atom has an unsaturated vacancy, and it could combine with the catechol substrates. Meanwhile, the presence of acetate which may be displaced by the catechol substrate has been shown to be important. An acetate ligand would contribute a negatively charged moiety capable of facilitating the catalytic process.
Conclusions
As a result of the introduction of different solvent molecules, two new homotrinuclear Co(II) complexes 1 and 2 with a bis (Salamo)-type tetraoxime ligand H 4 L, were designed and synthesized. Methanol as coordinating solvent generates the coordination of methanol molecules. In the presence of i-PrOH/ H 2 O, water molecules coordinate to the central Co(II) rather than isopropanol. 1 and 2 differ only by the solvent molecules coordinated to central Co(II) ions. Two terminal Co(II) ions, located at the N 2 O 2 coordination spheres of Salamo moieties, are both in a distorted trigonal-bipyramidal geometries, whereas the one in the central O 4 cavity shows an octahedral geometry with the two solvent molecules. As far as we know, the present work is the rst to report the catecholase activities of Salamo-type complexes. The catalytic reaction follows Michaelis-Menten enzymatic reaction kinetics with turnover number 14.72 h À1 and 26.39 h À1 for 1 and 2, respectively. 
